at CCVD growth temperatures (800-1400 K) whereas larger particles (≥5 nm) are solid (intermediate particle sizes can be liquid or solid depending on the specific temperature).
５ Recent molecular dynamics (MD) simulations ６ , ７ of small, liquid particles confirm that the VLS model provides a valid description of iron-catalyzed SWNT growth (although a temperature gradient across the particle is not required for SWNT growth ７ ). The simulations also revealed the growth mechanism at the atomic level, where the catalyst particle is highly supersaturated in carbon before these atoms precipitate on the cluster surface and nucleate SWNTs. The results of these simulations are in agreement with SWNT growth observed in CCVD experiments performed on small catalytic particles ８ .
The metal particle does not need to be in the liquid phase for the catalytic decomposition of carbon feedstock, but it allows for rapid diffusion of carbon atoms into the metal cluster before these atoms are incorporated into the open end of the growing SWNT. However, as mentioned above, larger particles are not molten under typical CCVD growth conditions. For example, multi-walled carbon nanotubes with diameters of about 40 nm can be produced at 823 K on Ni catalytic particles ９ , and SWNTs can be produced on zeolites by CCVD using Fe/Co particles at the same temperature １０ . This is much lower than the melting point of these metal particles. It is also much lower than the eutectic point of the associated bulk metal-carbide alloys (e.g., 1426 K for FeC, 1600 K for NiC, and 1643 K for CoC), and these bulk eutectic points are reduced by only 5-10% ５ for the particle sizes used in these experiments.
In this contribution we use the same potential energy surface (PES) that was used in previous MD studies of SWNT growth from liquid Fe particles ６,７ to study growth from solid particles. This PES distinguishes between dissolved and precipitated C atoms, which is justified since dissolved C atoms are surrounded by Fe atoms and interact weakly, whereas precipitated C atoms interact strongly to form the SWNT structure.
This is in agreement with previous Car-Parrinello MD simulations based on density functional theory (DFT) forces, １１ where it was seen that the weak interaction of dissolved C atoms do not lead to C-C bonding in the metal solvent, and C-C bonds are only formed once the atoms precipitate on the cluster surface. In addition, two types of precipitated C atoms are modelled in the PES. These are the bond-saturated carbon atoms (C S ) that are bonded to three other C atoms (and that form part of a graphitic island or SWNT) and bond-unsaturated carbon atoms (C Uns ) that are bonded to at most two other C atoms (and are found, for example, at the edge/end of a graphitic island or SWNT). The C S -Fe and C Uns -Fe interaction energies are fit to DFT results, which
show that the C S -Fe bond energy (0.14 eV １２ ) is an order of magnitude weaker than the C Uns -Fe bond energy (1.5 eV １３ ). In addition to yielding a SWNT growth mechanism from liquid particles that is in agreement with experiment ６ , this PES also yields that correct dependence of the cluster melting point on its size
５
, as well as the correct trends in the FeC phase diagram ５ (which is necessary to allow for possible C precipitation at the eutectic temperature).
Two types of trajectory conditions were considered in this study. The first focuses on the nucleation and growth of the SWNT and the second on the thermal properties of the FeC particles. The first set of conditions is similar to that used in our previous studies of SWNT nucleation from liquid particles. ６,７ Briefly, the trajectories were initialized by annealing an Fe 300 cluster (i.e., the cluster contains 300 atoms) to its minimum energy structure before heating it to the desired temperature. The cluster was propagated at this temperature for 100 ps to ensure thermal equilibrium, after which C atoms are randomly inserted to the surface layer of the cluster (i.e., the atoms are inserted at a distance d from the center of mass of the cluster, where R<d<1.1R and R=1.0 nm is the radius of the Fe 300 cluster). The rate of C deposition at the surface is 1 atom per 50 ps, which is more than four orders of magnitude larger than experimental rates, but is required for the simulation of SWNT nucleation within a reasonable computational time (an ensemble of trajectories was propagated to ensure statistical convergence of the results). As discussed previously ６,７ , this large insertion rate (which can be viewed as a very high carbon feedstock pressure) may result in many defects in the simulated SWNT structure, but the growth mechanism is expected to be same as that found under experimental growth conditions. The Berendsen velocity scaling method １４ was used to maintain the cluster at the desired temperature and a 1 fs time step was used.
To shed light on the thermal properties and surface diffusion of the FeC clusters, an annealed Fe 300 C 60 cluster was heated from 500 K to 1300 K in steps of 50 K (similar studies on Fe 300 and Fe 300 C 30 clusters yielded similar results and will not be presented here). Snap shots from a typical trajectory at 900 K (which is lower than any of the FeC cluster melting points) is shown in Fig. 1a-d . Many aspects of the SWNT nucleation, as shown in the figure, are similar to nucleation on liquid particles (which has been discussed previously ６,７ and are also observed for the Fe 300 cluster at 1200 K -which is not shown here for the sake of brevity). Similarly to nucleation from liquid particles, the C atoms on the cluster surface form carbon strings (Fig. 1a) , which nucleate the formation of a graphitic island (Fig. 1b) . The graphitic island grows in size and, at this temperature, the kinetic energy is sufficient to overcome the attraction between the (C S atoms in the) island and the cluster, and the island lifts off the cluster to form the graphitic cap (Fig. 1c) . This cap grows in diameter and length (Fig. 1d) cluster (where a graphitic cap has formed on the surface) the distance of each C atom from the cluster center of mass was monitored from the time that it was deposited on the cluster surface until it was incorporated in the SWNT wall, and the minimum distance was recorded. For example, the insert to Fig. 2 shows a typical time-dependent change in the distance of a C atom from the cluster center of mass for the first 1.5 ns after deposition on the cluster surface at 900 and 1200 K. It is clear that there is greater penetration of the C atom into the liquid cluster (1200 K) than into the solid cluster (900 K). The histogram shown in Fig. 2 is obtained from following 157 C atoms (deposited at a rate of 1 atom every 50 ps), and shows the number of C atoms as a function of their minimum distance from the cluster center of mass. At 1200 K, when the FeC cluster is liquid, many C atoms diffuse to the center of the cluster before incorporating into the SWNT structure. In contrast, at 900 K, when the FeC cluster is solid, there is far less penetration into the cluster, and the C atoms diffuse on (or near) the surface before being incorporated into the growing SWNT. As noted with reference to Fig. 1a-d , the surface atoms in these 'solid' particles do not remain in their lattice positions during SWNT growth. This is observed in experiments as a continual change in shape of the catalyst particle during SWNT growth.
４,１５
The disorder of the (bulk and surface) cluster atoms was analyzed from the MD simulations by determining the Lindemann index for each atom. Fig. 3 shows these indices for a Fe 300 C 60 cluster as a function of the distance of each atom from the cluster center of mass (averaged over the trajectory) at 1100, 1000, 900 and 800 K. It is evident that carbon and iron atoms in the center of the FeC cluster remain in their lattice positions at 800 and 900 K, whereas the surface atoms are mobile.
Thus, even at temperatures below the melting point the cluster surface has liquid-like features and C atoms can diffuse to the end of the growing SWNT. At 1000 and 1100 K the FeC cluster is liquid, and diffusion of atoms in to and out of the center of the FeC cluster is rapid. It may be noted that, at the lower temperature, the Lindemann indices for C atoms are larger than those for Fe atoms since the smaller C atoms can diffuse between Fe interstitial sites. Although the quantitative properties (e.g., width) of the liquid-like layer depends on the simulation time, the qualitative phenomena such as large amplitude surface diffusion is relevant under experimental conditions and, as mentioned above, is observed as a change in shape of the metal particle during SWNT growth. In summary, MD simulations reveal that many aspects of the mechanism of SWNT nucleation and growth from solid and liquid metal particles are similar. In both cases C atoms on the surface form strings which nucleate the formation of graphitic islands. These lift off the cluster surface to form caps that grow into SWNTs. However, in contrast to liquid particles where C atoms primarily diffuse into the bulk of the cluster before adding to the growing SWNT, incorporation of C into SWNTs on solid particles occurs predominantly via surface diffusion. The formation of a liquid-like layer, which is the large amplitude displacement of the FeC surface atoms, facilitates this surface diffusion.
